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We study conductance through a quantum dot under Coulomb blockade conditions in the presence
of an external periodic perturbation. The stationary state is determined by the balance between
the heating of the dot electrons by the perturbation and cooling by electron exchange with the cold
contacts. We show that Coulomb blockade peak can have a peculiar shape if heating is affected by
dynamic localization, which can be an experimental signature of this effect.
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Introduction.— Experimental observation of dynamic
localization (DL) in trapped ultracold atoms in the field
of a modulated laser standing wave [1] provided a solid
ground for the preceding extensive theoretical studies of
the kicked quantum rotor [2, 3]. In a recent publica-
tion [4] we have shown that an analogous suppression of
the energy absorption is possible for a solid-state system
– a chaotic quantum dot under an ac excitation, e. g.
like those used in experiments of Ref. [5], which makes
the question about the possibility of observation of DL
in a quantum dot highly relevant. If one wishes to de-
tect this effect by transport measurements, the Coulomb
blockade regime [6, 7] is the most suitable, since it is in
this regime that the transport is sensitive to the internal
state of the dot. For an open dot, when electron-electron
interaction can be neglected, the conductance is insensi-
tive to the electron energy distribution in the dot [8, 9].
Under non-equilibrium conditions the (effective) elec-
tronic temperature T of the dot is determined by the bal-
ance between heating by the ac perturbation and cool-
ing due to various mechanisms. At sufficiently low T
cooling is dominated by simple electronic exchange be-
tween the dot and the contacts (the latter are assumed
to be maintained at a constant low temperature deter-
mined by the cryostat), while the energy exchange with
the phonon subsystem is negligible [10]. In this case, as
the gate voltage is detuned from the Coulomb blockade
peak, the cooling rate decreases, leading to an increase
of T . The dynamic localization manifests itself in sup-
pression of heating, which becomes T -dependent. This
makes the shape of the Coulomb blockade peak sensitive
to dynamic localization.
Heating.— First, consider the standard picture of heat-
ing by an ac perturbation. Let the single-electron mean
level spacing δ in the dot be small enough. Then, if an
external time-dependent periodic perturbation with the
frequency ω is applied, the total electronic energy E in
the dot (counted from that of the ground state) grows
linearly with time as described by the Fermi Golden
Rule: E(t) = Γω2t/δ ≡ W0t. The probability per unit
time Γ of each single-electron transition measures the ac
power [11]. The criterion of validity of the Fermi Golden
Rule is δ ≪ Γ, and Γ≪ ω is also assumed (~ = 1).
This classical picture is valid only if each act of pho-
ton absorption by an electron is independent of the pre-
vious ones; however, for a discrete (though dense) energy
spectrum this turns out not to be the case. After many
transitions the absorption rate decreases due to accumu-
lation of the quantum interference correction [2, 3, 4], so
that after a time t∗ ∼ Γ/δ
2 the absorption is completely
suppressed. This effect is known as the dynamic localiza-
tion in energy space; the effective electronic temperature
T∗ ∼ Γω/δ (the characteristic spread of the electron dis-
tribution function) reached by the time t∗, plays the role
of the localization length. Note that DL has nothing to
do with the saturation of absorption by a pumped two-
level system, as in our case the spectrum is unbounded.
The considerations of Ref. [4] were based on random
matrix theory description of the single-particle proper-
ties of the dot, valid provided that all energy scales in the
problem are small compared to the Thouless energy ETh
(defined by the order of magnitude as the inverse of the
time required for an electron to travel across the dot and
thus to randomize its motion due to scattering off the dot
boundaries). For the dot to be in the Coulomb blockade
regime, the effective temperature should be also smaller
than the dot Coulomb charging energy Ec. In the follow-
ing, the hierarchy of scales δ ≪ Γ≪ ω ≪ T∗ ≪ ETh, Ec
is assumed (for a typical 2D GaAs dot δ ∼ 1 µeV,
ETh ∼ 100 µeV ∼ 1 K [5]; the stronger the inequality
δ ≪ ETh is satisfied, the better).
Being an interference effect, DL requires perfect quan-
tum coherence. Electron interaction and/or connection
to leads causes electron dephasing. In the presence of
weak dephasing with the rate γφ ≪ 1/t∗ there is a resid-
ual absorption with the rate determined by γφ:
Win ∼W0γφt∗ = T
2
∗
γφ/δ . (1)
If the dephasing is too strong, γφ >∼ 1/t∗, the dynamic
localization is destroyed and Win ∼W0.
The expression (1) was justified in Ref. [12] for the de-
phasing due to electron-electron collisions provided that
the effective electronic temperature T > T∗. The main
condition of its applicability is that dephasing should be
2a sequence of distinct phase-destroying events with av-
erage rate γφ, rather than phase diffusion, so that the
dephasing rate roughly coincides with the quasiparticle
relaxation rate: γφ ∼ γqp. This is certainly correct for
the case of electron escape to the contacts, since in this
case the electron is effectively replaced by another one
with an absolutely random phase. This is also true for
electron-phonon collisions and electron-electron collisions
in a quantum dot, since the typical energy transfer during
a collision is of the order of the (effective) electronic tem-
perature in the dot, which is large: T > T∗ ≫ 1/t∗, γqp
(T∗ ≫ 1/t∗ due to Γ, ω ≫ δ). Note that this condition is
the reason why no exponentially small factor like e−T∗/T
or e−t
−1
∗
/T arises in Eq. (1) in contrast to hopping con-
ductivity in disordered systems at low temperatures.
Once the condition γφ ∼ γqp is verified, the follow-
ing consideration can be applied. As the collisions are
rare (γqpt∗ ≪ 1), the electrons spend most of the time in
the states localized in the energy space, having definite
phase relationships. When at some moment the phase of
some electron is destroyed, its wave packet starts spread-
ing along the energy axis. It localizes again after the
time ∼ t∗, in the meantime spreading by ∼ T∗. Thus,
the ac driven dynamics following the collision leads to
a change of the total electronic energy of ∼ T∗ per col-
lision. The sign of this change is, however, arbitrary,
because a periodic perturbation can equally cause tran-
sitions up and down the spectrum. Only the presence
of the filled Fermi sea below (i. e., an energy gradient
of the electronic distribution function) makes absorption
the preferred direction, which means that if the electronic
temperature T ≫ T∗, the energy absorbed per collision
is on the average ∼ T 2
∗
/T rather than T∗. The effective
number of electrons that can participate in a collision is
∼ T/δ (due to the degenerate Fermi statistics). During
the time interval ∼ 1/γqp each electron participates in
one collision, so the total number of collisions per unit
time is ∼ (T/δ)γqp. This gives the energy absorption rate
Win ∼ (T
2
∗
/T )(T/δ)γqp, which is exactly Eq. (1).
The same can be seen from an alternative argument.
After each collision the electron spends the time ∼ t∗
absorbing the energy from the microwave field, then it
stops to absorb (the DL occurs) and waits for the next
event (provided that t∗ ≪ 1/γφ). Thus the absorption
rate of the whole system is given by the simple weighted
average: Win ∼W0γφt∗, which is again Eq. (1).
As γφ, generally speaking, depends on the electronic
temperature, so does the absorption rate in the DL
regime (Fig. 1). The quasiparticle relaxation rate due
to electron collisions in a quantum dot was calculated by
Sivan, Imry and Aronov [13]:
γe−e(T ) ∼ δ (T/ETh)
2. (2)
The derivation of this expression implies the effective con-
tinuity of the many-particle spectrum, which imposes a
condition T∗ ≫
√
EThδ/ ln(ETh/δ) [14]. Obviously, for
T, a.u.
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FIG. 1: A schematic view of the dependence of the absorp-
tion rate Win on the effective electronic temperature in the
dot: in the dynamic localization regime the absorption is due
to dephasing, so it is temperature-dependent; when the tem-
perature becomes high enough, the dephasing destroys the
DL. T < T∗ cannot be realized in the regime of strong DL.
the dynamic localization to have any chance to develop,
the condition γe−e(T∗)t∗ ≪ 1 should also be satisfied.
Sequential tunneling.— We characterize the coupling
of the dot to two contacts by electron escape rates γ1, γ2
(γ1 + γ2 ≡ γ ≪ δ). Let U be the energy cost of adding
an electron to the dot, proportional to the gate voltage
(at the exact degeneracy point U = 0, corresponding to
the very top of the Coulomb blockade peak). When U is
not far from the degeneracy point, the main contribu-
tion to the conductance comes from the leading order of
the perturbation theory in the dot-contact coupling. For
characteristic temperatures T ≫ δ one can describe the
system by the rate equations of Kulik and Shekhter [15].
It is quite straightforward to consider these equations
for a general (non-equilibrium) electron energy distribu-
tion function in the dot. As an estimate for the electronic
distribution function we use the Fermi-Dirac form with
some temperature T . We also assume T to be much
higher than the temperature of the contacts T0 (T0 can
be made as low as ∼ 10 mK [16]), which is true if the
pumping power is high enough. Then a simple calcu-
lation gives the following expressions for the dot con-
ductance G (in units e2/2pi~), “renormalized” electron
escape rate γesc, and the cooling rate Wout [we denote
x ≡ U/(2T ), G0 ≡ γ1γ2/(γδ)]:
G(U) = G0
[
1−
x tanhx
ln(2 coshx)
]
, (3)
γesc(U) =
γ
2
[
1−
|x|
ln(2 coshx)
]
, (4)
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FIG. 2: The function W(G/G0) defined in Eq. (6).
Wout(U) =
γ
δ
T 2

pi
2
12
− x2 +
2x
x∫
0
y tanh y dy
ln(2 coshx)

 . (5)
Stationary state.— For each given U the tempera-
ture T of the stationary state is found from the en-
ergy balance equation Wout = Win, where Wout is given
by Eq. (5), Win – by Eq. (1), the dephasing rate – by
Eqs. (4), (2). Substituting it into Eq. (3), one obtains
the shape of the Coulomb blockade peak.
Suppose for a moment that dephasing is dominated by
electron-electron collisions, while cooling is dominated
by the escape to the contacts [10]. One can notice
the following property of Eqs. (3) and (5): G/G0 and
Wout(U)/[(γ/δ)T
2] are functions of x ≡ U/(2T ) only.
This allows us to write a relation
Wout
T 2
= (γ/δ)W(G/G0) . (6)
The functionW(G/G0) is plotted in Fig. 2 and with loga-
rithmic precision we have (γ/δ)W(G/G0) ∼ G. Thus the
physical meaning of Eq. (6) is similar to the Wiedemann-
Franz law.
The energy balance condition takes the form
Win ∼ T
2
∗
(γφ(T )/δ) = Wout = (γ/δ)T
2W(G/G0) , (7)
or G ∼ (γ/δ)W(G/G0) = (γφ(T )/δ) (T∗/T )
2. Remark-
ably, for γφ(T ) given by Eq.(2) U and T drop out and
the solution of this equation for G is independent of U ,
leading to a flat plateau G ∼ (T∗/ETh)
2 on the Coulomb
blockade curve G(U). Note that the the plateau con-
ductance must be smaller than the peak conductance
G0 ∼ γ/δ. Therefore, the solution exists only if
γ/δ >∼ (T∗/ETh)
2. (8)
Now consider the top of the peak, U = 0. Including
the dephasing due to both escape and electron-electron
collisions, we can write the energy balance condition as
(γ/δ)T 2 ∼ (γ/δ)T 2
∗
+ (T∗/ETh)
2T 2. (9)
Here the left-hand side represents the cooling rate in the
peak, the two terms on the right-hand side come from
the dephasing due to escape and electron collisions, re-
spectively. Due to the condition (8) the second term is
smaller than the left-hand side, so the only way to satisfy
the equation is to have T (U = 0) ∼ T∗. Thus, for the
dynamic localization to be possible the dephasing in the
very peak of the Coulomb blockade must be dominated
by escape. One can extract the temperature of the sta-
tionary state at U = 0 measuring the curvature of the
peak, and study its dependence on control parameters:
intensity Γ and coupling to the contacts γ.
As U is detuned from the peak, the dot becomes effec-
tively more closed. Thus, the crossover from the peak to
the plateau occurs when the two mechanisms are equally
efficient. With logarithmic precision this happens at
T ∼ T∗ U ∼ Umin ∼ T∗ . (10)
The plateau ends when the temperature of the dot be-
comes so large that the dynamic localization is destroyed
by dephasing and Win ∼ W0. Obviously, this hap-
pens when the plateau G ∼ (T∗/ETh)
2 hits the curve
GD(U) ∼ (W0/U
2) ln(G0U
2/W0) determined from the
condition of classical (Ohmic) absorption W0 = Wout.
With logarithmic precision this happens at
U ∼ Umax ∼ ETh
√
δ/Γ . (11)
The resulting shape of the Coulomb blockade peak is
drawn schematically in Fig. 3.
It is convenient to introduce two dimensionless param-
eters, corresponding to two experimentally controllable
parameters Γ (ac power)and γ (tunneling into leads):
I ≡
Γ
δ
(
ω
ETh
)2/3
, y ≡
γ
δ
(
ω
ETh
)
−2/3
. (12)
The necessary condition for dynamic localization
γe−e(T∗)t∗ ≪ 1 becomes I ≪ 1, the condition (8) is
y ≫ I2. The top of the peak will correspond to DL
regime if γt∗ ≪ 1 or Iy ≪ 1 [17]. The resulting “phase
diagram” is shown in Fig. 4.
Conclusions.— We have studied electronic conduction
through a quantum dot in the Coulomb blockade regime
under an external periodic perturbation. In contrast to
the well-studied equilibrium case, the electronic temper-
ature of the ac driven dot is determined by the balance
between heating by the perturbation and cooling due to
electron exchange with cold contacts. The cooling rate
thus depends on the gate voltage, and so does the dot
temperature. As the gate voltage is detuned away from
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FIG. 3: A sketch of the Coulomb blockade peak shape in
the DL regime (solid line): at small U < Umin the dephasing
is dominated by the electron escape (peak), at larger U –
by electron-electron collisions (plateau), and finally, at U >
Umax the cooling is insufficient, the dynamic localization is
destroyed, and the dot is in the Ohmic regime. The Ohmic
curve is also shown for reference by the dashed line.
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FIG. 4: A schematic view of the “phase diagram” in terms
of the dimensionless intensity and escape rate (I − y plane),
without taking into account cooling and dephasing due to
phonons. The top of the Coulomb blockade peak corresponds
to DL only in the region 1; the flat plateau in the tails exists
both in regions 1 and 2; in the region 3 DL is absent.
the peak, the cooling rate decreases, and the temperature
increases. In the strong dynamic localization regime the
heating rate is determined by dephasing, as the usual lin-
ear absorption is blocked by quantum interference. The
most peculiar situation is realized when the dephasing
is due to electron-electron collisions: in this case the
Coulomb blockade peak has a flat shoulder, where the
conductance does not depend on the gate voltage. Such
a shape could be an experimental signature of the dy-
namic localization effect.
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